An average adult at rest moves over 10,000 l of air through the respiratory tract and exchanges over 400 l of O~2~ and CO~2~ across the alveolar surface each day. Toxins and pathogens in the ambient air can damage the lung tissue, interfere with respiratory mechanics, and limit gas exchange. Both passive and active processes protect the lungs against environmental insults by filtering the inspired air; altering airflow and blood flow to limit alveolar and systemic exposure; capturing, killing, and rapidly clearing pathogens; and efficiently repairing damaged tissues to restore the mucosal barrier. Some of the defense mechanisms are adaptive, increasing the sensitivity of the system and intensity of responses to future insults. Dysregulation of defense pathways can increase sensitivity to nonspecific stimuli and lead to responses that are out of proportion to the insult. This chapter provides a brief overview of the anatomy and physiology of the respiratory tract in relation to development of hypersensitivity and hyperresponsiveness of the respiratory tract.

Functional Anatomy of the Respiratory Tract {#Sec1}
===========================================

Flow of air through the respiratory tract is driven by small pressure gradients, and both the work of breathing and partitioning of airflow to different regions of the lungs are impacted by the resistance to airflow in each segment of the airways. The resistance to laminar flow of air through a rigid tube is related to its length and diameter. But most airways are deformable, not rigid; and are affected by mechanical forces and pressures impinging on the wall. Muscle, blood vessels, and glands in the airway wall are under local and reflex control, and actively respond to changes in the internal and external environments.

The respiratory tract is divided into two broad divisions: the upper and lower airways. The upper airways consist of the extrathoracic structures from the nares and mouth down to, and including, the larynx. Being extrathoracic, these airways are impacted by barometric pressure impinging on their external surface. The lower airways include the extrathoracic and intrathoracic portions of the trachea; the extrapulmonary and intrapulmonary bronchi; and the bronchioles, alveolar ducts, and alveoli, which are intrathoracic and intrapulmonary. Intrathoracic extrapulmonary airways are impacted by pressure that develops in the pleural space, which is normally negative, but becomes positive during forced expiration. Intrapulmonary airways are surrounded by alveoli, and their diameter is affected by changes in tension in the lung tissue impinging on their surface, as well as pressure of the alveolar gas, which oscillates from negative to positive during the respiratory cycle. Airways proximal to the respiratory bronchioles lack alveoli and are therefore classified as conducting airways, whereas the respiratory bronchioles, alveolar ducts, and alveoli constitute the gas exchange region of the lungs. With the exception of the pharynx, the walls of the airways become less rigid distally, with the walls of the upper airways containing bone and cartilage, the large lower airways containing cartilage rings or plates, and the small lower airways lacking bone and cartilage.

The nose and mouth represent two parallel pathways by which air enters and leaves the system. The nasal cavity and nasopharynx have a large surface area and tortuous path of airflow that is conducive to filtering, warming, and humidifying ambient air. The nares open into a vestibule, which leads to a constricted region called the nasal valve (Rhee and Kimbell [@CR145]). Inferior, middle, and superior turbinates posterior to the nasal valve protrude into the airstream from each side of the central septum, increasing the surface area for exchange of heat and moisture. An olfactory region with a high density of olfactory receptors is located high in the nasal cavity. The majority of air passes through the nasal cavity along the floor, between the hard palate and inferior turbinate, and is forced to make a near 90° bend in the nasopharynx. Air flowing through the upper regions of the nasal cavity is forced to flow around the turbinates, but enters the nasopharynx at a less acute angle (Kelly et al. [@CR84]). Both pathways are conducive to removal of large particles by impaction with the airway surface. Airflow through the nose is laminar at velocities up to 200 ml/s, which includes resting conditions; but the velocity is not uniform throughout the nose (Kelly et al. [@CR84]). The olfactory region has a relatively low airflow velocity, which is presumed to protect the delicate olfactory receptors as well as keep the air in contact with the receptors for a longer period of time, allowing for detection of scents within the airstream (Kelly et al. [@CR84]). At flow rates greater than 200 ml/s, turbulence develops, which increases resistance and work of breathing. The nasal cavity has fairly rigid walls, and the main factors that impact resistance to airflow in this region are physical obstructions such as polyps and septal deviation, swelling of the mucosa, and accumulation of secretions in the airway lumen.

The pharynx is posterior to the turbinates and separated into the nasopharynx, oropharynx, and laryngopharynx. The nasopharynx passes over the soft palate before opening into the oropharynx. Right and left Eustachian tubes open into the nasopharynx and connect the middle ear with the upper airway. In contrast to the nasal cavity, the pharynx in humans is deformable. The hyoid bone and soft tissue comprising the airway wall in this region are not directly attached to the surrounding skeletal structures, making the wall of the pharynx deformable (Dempsey et al. [@CR42]; Susarla et al. [@CR163]). In humans, there is a relatively large distance between the soft palate and epiglottis, and the face is flattened, resulting in a long, narrow oropharynx upon which the tongue encroaches. Another unique feature is that adipose tissue accumulates in the surrounding tissue and can apply pressure to the outside of the airway, affecting lumen diameter. As discussed later, all of these factors predispose the pharynx to collapsing late in expiration and during inspiration. The tendency to collapse is offset by two factors, neural reflexes that activate pharyngeal muscles and stiffen the wall, and by traction developed in the pharyngeal wall as the lung inflates (Dempsey et al. [@CR42]; Susarla et al. [@CR163]).

The epiglottis and larynx play major roles in protecting the lower airways. The epiglottis deflects solids and liquids traveling through the oropharynx airway from entering the larynx, directing them down the esophagus. The larynx has a high density of receptors for diverse chemical entities, that when stimulated evoke a cough reflex that expels solids and liquids from airway.

Humans have two lungs, which are divided into three lobes on the right---superior, middle, and inferior---and two lobes on the left---superior and inferior. The inner surface of the chest wall and outer surface of the lung are covered by parietal and visceral pleura, respectively, which are separated by a thin fluid-filled space. Anatomical and functional tracer studies indicate that drainage of the pleural space is via the superior mediastinal, intercostals, paraesophageal, and intra-abdominal lymph nodes, with the superior mediastinal lymph nodes being the sentinel nodes (Parungo et al. [@CR138], [@CR137]).

The trachea, bronchi, and terminal bronchioles are conducting airways that lack alveoli. The trachea extends from the larynx in the cervical region to the carina in the thoracic cavity. Like the larynx, the carina is sensitive to tactile stimulation, which evokes cough. The wall of the trachea is supported by 15--20 C-shaped rings of cartilage interspersed with soft tissue. The posterior membrane connecting the ends of cartilaginous rings contains smooth muscle that can shorten the distance between the ends of the cartilage, decreasing the diameter of the trachea. Smooth muscle is also located between the cartilaginous rings allowing at least a small degree of active regulation of tracheal length. Shortening of the trachea can reduce resistance to airflow by both decreasing the length of the airway and increasing traction on the pharynx, stiffening the wall and opposing collapse.

In contrast to the trachea, the bronchial wall is supported by plates of cartilage with a higher degree of deformability than the tracheal rings. The bronchioles lack cartilage, with the wall consisting of epithelium attached to its basement membrane, a lamina propria, and a smooth muscle layer. Alveolar septa attach to the outside of the bronchioles, and changes in alveolar pressure and tension in the lung tissue have large effects on the diameter of the bronchioles. The bronchioles branch into alveolar ducts that terminate in alveolar sacs.

Dichotomous branching of the airways leads to an increase in the number of airways in parallel. The diameter of each airway decreases; but the aggregate, or total cross-sectional diameter of the airspace increases distally, which has two prominent functional impacts. First, the velocity of airflow diminishes, decreasing turbulence. Second, total resistance to airflow decreases exponentially with the increase in the effective/aggregate radius of the airways. Only about 2 % of the total airway resistance is accounted for by the bronchioles and alveolar ducts; and likewise only a small decrease in lumen pressure occurs along normal distal airways during exhalation. The relatively small pressure drop along the intrapulmonary airways minimizes the tendency for dynamic compression of the airways induced by the differential between a positive alveolar pressure surrounding the airways and reduced luminal pressure due the resistive drop during exhalation. Partial obstruction of distal airways due to contraction of smooth muscle or accumulation of secretions in the airway lumen leads to increased resistance and a greater-than-normal decrease in luminal pressure, predisposing the airways to close earlier than normal during exhalation.

The airways terminate in alveolar sacs, which are polygonal structures covered largely by a simple squamous Type 1 alveolar epithelial cells. Cuboidal alveolar Type II cells that produce and secrete surface active alveolar surfactant localize to the corners of the alveoli. The barrier between the blood in the capillaries and the air in the each alveolus is less than 1 μm thick. The thinness of the barrier is in part due to the alveolar epithelium and alveolar capillary endothelium sharing the same basement membrane, thereby eliminating excess interstitial tissue. This extremely thin barrier facilitates rapid diffusion of gas between the alveolar air and blood while maintaining an intact barrier between the external and internal environments.

Collagen and elastin fibers run through the lung tissue, interconnecting proteoglycans and glycosaminoglycans of the ground substance with the cells making up the lung surface, alveolar walls, blood vessels, and airways. This fibrous matrix results in interdependence of lung structures (i.e., airways, blood vessels, alveoli) (Faffe and Zin [@CR47]). The elastin fibers are largely responsible for the elastance of the lung tissue and its tendency to return to its original shape after being deformed. Collagen fibers are stiffer than elastin fibers, and at low lung volumes are thought to be slack. As lung volumes increase, collagen fibers become taut and provide tissue rigidity and opposition to over-stretching of the lung tissue.

In addition to the tissue properties that affect expansion and contraction of the lungs, the air--liquid interface at the alveolar surface impacts lung mechanics and function. Surface tension pulls on surface of curved air--liquid interfaces, tending to reduce the surface area of the interface. The pressure developed by surface tension adds to the tissue recoil force, facilitating exhalation but resisting lung expansion. The pressure developed by surface tension promotes the transfer of air from alveoli with small radii into larger alveoli, which can result in collapse of small alveoli and development of atelectasis if surface tension is too great. Surface tension also induces a pressure differential between fluid in the interstitial compartment and the airway surface, which acts to pull water out of capillaries and the alveolar wall and into the airspace, leading to alveolar edema.

Surface tension in normal lungs is reduced by surfactant released from Type II pneumocytes. Surfactant is comprised of phospholipid, mainly dipalmitoylphosphatidylcholine (DPPC), neutral lipids including cholesterol, and proteins (Perez-Gil and Weaver [@CR139]). When released from Type II cells, the lipids form a complex tubular structure, tubular myelin, in the liquid layer on the alveolar surface. During lung inflation, surfactant apoproteins B and C (SP-B and SP-C) facilitate the insertion of the lipid into the interfacial film to maintain a relatively uniform concentration of the surface-active material at the interface. Compression of the surface during exhalation leads to regeneration of the tubular myelin. The insertion of the hydrophilic heads of the phospholipid molecules into the water layer is thought to disrupt the intermolecular attraction of the water molecules that give rise to surface tension.

Both SP-B and SP-C are produced as proproteins in Type II cells. SP-B is also produced by Clara cells, but unlike Type II cells that process the proprotein to produce mature SP-B, Clara cells cannot produce the mature protein. Of the two proteins, SP-B appears to be of greater importance on an acute basis, and a 75 % reduction in SP-B levels in the airspaces is fatal (Perez-Gil and Weaver [@CR139]). In contrast, SP-C deficiency leads to chronic, progressive lung disease in both humans and animals (Perez-Gil and Weaver [@CR139]).

Two other surfactant-associated proteins, SP-A and SP-D, belong the collectin family of proteins with collagen-like lectin domains. SP-A has some ability to facilitate formation of tubular myelin and adsorption of surfactant on the alveolar surface, but also enhances killing, aggregation, and phagocytosis of microorganisms (Orgeig et al. [@CR133]). The antimicrobial activity of SP-A is a result of direct opsonization of pathogens, as well as upregulation of pattern recognition receptors on phagocytes that mediate uptake and elimination of the foreign bodies. SP-D has similar functional properties to SP-A, but in addition, modulates macrophage, dendritic cell, and T-cell functions (Orgeig et al. [@CR133]; Forbes and Haczku [@CR50]). Deficiency in SP-D leads to increased numbers of myeloid dendritic cells in the lungs that promote Th2 responses. Treatment with recombinant SP-D can reduce allergen-induced eosinophilic inflammation and antigen-specific IgE production (Orgeig et al. [@CR133]).

Separate circulations supply blood to the nose, larynx, trachea, and lungs. The nasal mucosa is perfused by the sphenopalatine branches of the maxillary artery, the anterior and posterior ethmoidal branches of the ophthalmic artery, and the superior labial artery, a branch of the facial artery (Osborn [@CR134]). The larynx is perfused by the superior and inferior branches of the laryngeal artery, which stem from superior and inferior thyroid arteries, and run to the larynx alongside the superior and inferior laryngeal nerves (Weir [@CR181]). Blood flow to the trachea is via the inferior thyroid, supreme intercostal, subclavian, internal mammary, innominate, and bronchial arteries. The branching from these arteries connects with one another to form longitudinal tracheal anastomoses that give rise to intercartilaginous submucosal capillary plexuses (Salassa et al. [@CR150]). The bronchial circulation provides oxygenated blood to the bronchi and walls of the intrapulmonary airways, and the pulmonary circulation delivers mixed venous blood to the alveolar capillaries for gas exchange.

An extensive lymphatic system drains the lungs and thoracic cavity (Gray [@CR54]; Carati and Gannon [@CR27]). The lymph vessels are divided into parietal and visceral components. Plexuses of parietal lymphatic vessels drain into sternal, intercostals, diaphragmatic, and axillary nodes. The visceral lymph nodes are located along the mediastinum in associated with the esophagus, large veins and arteries, and pericardium and along the trachea and bronchi. Drainage of the lungs is via two plexuses: superficial and deep. The superficial plexus is located beneath the visceral pleura and drains to nodes at the hilus. The deep plexus consists of vessels surrounding airways and blood vessels. In the bronchioles, there is a single plexus, but in the bronchi there are two plexuses, submucosal and peribronchial. The deep plexus drains into tracheobronchial nodes. The lymphatic vessels terminate at the alveolar ducts, and fluid from the alveolar wall moves to the vessels in response to the "pumping" action of respiration.

Airway Musculature {#Sec2}
==================

Muscles of the upper airways are striated under autonomous, and in some cases, conscious control. Pharyngeal muscles are separated into four muscle groups based on the structures they control: the tongue, palate, hyoid bone, and wall of the pharynx (Edwards and White [@CR46]). The extrinsic muscles of the tongue include the genioglossus, styloglossus, and hypoglossus. The genioglossus pulls the tongue forward and down, keeping the tongue from occluding the oropharynx. The genioglossus exhibits phasic activity during inspiration, tonic activity during expiration, and responds to hypoxia, hypercapnia, and negative pressure in the larynx, indicating that it is controlled in least in part through the respiratory centers in the brain stem. Both the styloglossus and hypoglossus retract the tongue. When activated in concert with the genioglossus muscle, they help stiffen the tongue and oppose collapse of the oropharynx.

The palate is controlled by five muscles: the tensor palatini, levator palatini, palatoglossus, palatopharyngeus, and muscular uvula. The tensor palatine stiffens the soft palate. The levator palatini and palatoglossus raise and lower the soft palate, respectively, either closing or opening the nasal and oral air passages, respectively. The palatopharyngeus lifts and moves the soft palate anteriorly, and the muscular uvula raises the uvula. The geniohyoid, mylohyoid, thyrohyoid, sternohyoid, stylohyoid, and omohyoid manipulate the hyoid bone, moving it anteriorly and caudally, dilating the upper airway. The pharyngeal constrictor muscles assist in swallowing and constrict the airway at normal and elevated lung volumes (Edwards and White [@CR46]).

At the level of the larynx, the muscle in the airway wall transitions to a smooth muscle phenotype. Smooth muscle is found throughout the airways, from the trachea to alveolar ducts.

Innervation {#Sec3}
===========

Upper Airways {#Sec4}
-------------

The upper airways are innervated by sensory, motor, parasympathetic, and sympathetic neurons (Fig. [2.1a](#Fig1){ref-type="fig"}) (Sarin et al. [@CR151]; Yoshida et al. [@CR202]; Undem et al. [@CR175]). Olfaction is carried in cranial nerve I (CN I), and taste is carried in the facial and glossopharyngeal nerves (CN VII and IX). Other sensory modalities are from the mouth, nasal cavity, and nasopharynx are transmitted in the trigeminal nerve (CN V) via the ophthalmic (V1), maxillary (V2), and mandibular (V3) branches. A pharyngeal plexus innervated by the glossopharyngeal (CN IX), vagus (CN X), cranial accessory (CN XI) nerves conveys sensation from the lower aspect of the nasopharynx, the oropharynx, and supralaryngeal pharynx. Sensation from the larynx is carried in the internal, external, and recurrent laryngeal branches of the vagus nerve. Fig. 2.1Cranial nerves innervating the upper and lower airways

The soft palate and walls of the pharynx contain both constrictor and dilator muscles that move contents of the pharynx to the esophagus, close the nasopharynx and larynx during swallowing, and stabilize the airway during normal breathing. Branchial motor neurons originating in the trigeminal motor nucleus pass through the trigeminal nerve, trigeminal ganglion, and mandibular nerves to innervate the tensor veli palatine, which stiffens the soft palate. The vagus nerve (CN X) innervates the remaining muscles of the soft palate (levator veli palatine, palatoglossus, palatopharyngeus, musculus uvulae), the major constrictor muscles in the pharyngeal wall (superior, middle, and inferior constrictors), the salpingopharyngeus muscle that draws the larynx upward during swallowing, and the muscle of the larynx. The glossopharyngeal nerve (CN IX) innervates the stylopharyngeus, which also draws the larynx upward, dilating the pharynx. Motor control of the tongue is mainly via the hypoglossal nerve (CN XII), except for the palatoglossus muscle that is innervated from the vagus nerve via the pharyngeal plexus, as mentioned above.

Autonomic innervation of the upper airways is from the deep petrosal, facial, and vagus nerves. Parasympathetic innervation of the nose is via the facial nerve. Preganglionic parasympathetic fibers originate in facial and superior salivatory nuclei, exit the brain stem in the facial nerve (CN VII), and branch into the greater superior petrosal nerve. The greater superior petrosal nerve merges with the deep petrosal nerve to form the Vidian nerve that leads to the pyterygopalatine or sphenopalatine, ganglion. Postganglionic fibers from the spenopalatine ganglion distribute to the surface epithelium, glands, arteries, and veins in the nasal mucosa. Acetylcholine (Ach) is the major preganglionic and postganglionic transmitter, although vasoactive intestinal peptide (VIP), peptide histidine methionine, peptide histidine valine, secretoneurin, and nitric oxide have also been associated with cholinergic neurons (Sarin et al. [@CR151]). Parasympathetic output induces serous and mucous secretions and vasodilation.

Preganglionic sympathetic fibers innervating the nose arise from the thoracic and lumbar regions of the spinal cord and are carried to the superior cervical ganglion via the vagosympathetic trunk. Postganglionic sympathetic fibers from the superior cervical ganglion destined for the nasal cavity and nasopharynx are carried in the deep petrosal nerve, which merges with the greater petrosal nerve to form the Vidian nerve (Sarin et al. [@CR151]). The fibers pass through the sphenopalatine ganglion and are distributed to the mucosa with fibers from the trigeminal nerve. Postganglionic sympathetic fibers innervating the pharyngeal plexus derive from direct gray rami communicans from the superior ganglion. Sympathetic fibers primarily innervate the mucosal vasculature, inducing vasoconstriction. Activation of α1 and α2 adrenoceptors or neuropeptide Y receptors on arterioles and venous sinusoids leads to vasoconstriction, lower mucosal blood flow, and less pooling of blood in the mucosal vasculature (Sarin et al. [@CR151]). Adrenergic stimulation has been associated with secretion by glands, but sympathetic innervation of glands is sparse (Undem et al. [@CR175]).

Lower Airways {#Sec5}
-------------

The lungs are innervated by parasympathetic cholinergic and parasympathetic noncholinergic neurons carried in the vagus nerve (CN X), and sympathetic adrenergic and sympathetic nonadrenergic neurons carried in spinal nerves between T1 and T6 (Fig. [2.1b](#Fig1){ref-type="fig"}) (Lee and Pisarri [@CR97]; Canning [@CR26]). Parasympathetic innervation of the lungs is conserved across species, whereas sympathetic innervation exhibits significant species variation. The majority of sympathetic postganglionic efferent fibers originate in the superior cervical ganglion and thoracic ganglia. Human airway smooth muscle exhibits little sympathetic innervation, whereas other species exhibit significant sympathetic-mediated constriction and relaxation effects based on whether α- or β- adrenoceptors are expressed on the postsynaptic membrane (Canning [@CR26]). Likewise, in humans, a convincing role for sympathetic control of gland and epithelial secretions has not been demonstrated (Rogers [@CR148]).

Parasympathetic innervation of the lungs includes afferent and efferent neurons. Preganglionic parasympathetic efferent neurons emanate from dorsal motor nuclei of the vagus or nucleus ambiguus. Postganglionic fibers originate in plexuses within the airway wall associated with mucosa, submucosa, smooth muscle, peri-tracheal, and peribronchial layers (Wine [@CR192]). Afferent fibers exiting the lungs travel through the vagus nerve to the nodose and intracranial jugular ganglia, which in turn have outputs to the nucleus tractus solitarius. Afferent neurons include myelinated Aδ and nonmyelinated C fibers. Aδ fibers exhibit an organized pattern of terminals with attachments to the mucosal extracellular matrix making them responsive to mechanical deformation of the airway wall (Canning [@CR24]). The Aδ mechano-sensitive fibers can be separated into slowly adapting (SAR) and rapidly adapting (RAR) functional phenotypes, with SARs being associated with regulatory inflation and deflation reflexes (e.g., Hering-Breuer); and RARs being polymodal and associated with defensive reflexes such as cough and sneeze (Widdicombe [@CR186]). Lung afferent C-fibers are small, nonmyelinated fibers that terminate in the airway wall, vasculature, and parenchyma. Similar to nociceptors in other tissues, these fibers are polymodal and are typically classified as chemoreceptors (Lee and Pisarri [@CR97]). C fibers in the lungs are classified into two groups, bronchial and pulmonary, based on the circulation that perfuses the tissues they innervate.

In addition to conventional sympathetic adrenergic and parasympathetic cholinergic fibers, the upper and lower airways are replete with neurons that release nonadrenergic noncholinergic transmitters, either in concert with or independent of acetylcholine and norepinephrine. The noncholinergic nonadrenergic (NANC) neurons were originally referred to as a discrete subset (Rogers [@CR148]), but in the last decade there has been increasing reference to these neurons as subtypes of sympathetic and parasympathetic neurons (Canning [@CR26]).

Although less developed than in the gut, the neural network within the airway wall is extensive and exhibits some capacity to control airway functions without efferent input from the central nervous system. One mechanism by which this occurs is antidromic conduction of action potential in branches of afferent nerve fibers. Action potentials generated at sensory nerve terminals in the airway mucosa can be conducted along branches of the afferent neuron leading to the surface epithelium, glands, and blood vessels within the airway wall. Release of neurotransmitters, particularly NANC transmitters, results in intrinsic control of airway functions, initiating responses or modulating centrally mediated responses. Axon reflexes are common in the airways of rats and guinea pigs, but their overall importance in humans is a matter of debate. While direct empirical evidence of the importance of intrinsic control of airway tone and secretory activity is lacking, the fact that airways in transplanted lungs can function relatively normally for years without external innervations argues in favor of some intrinsic mechanism for maintaining airway patency and protecting the airways from environmental insult (Wine [@CR192]) (Fig. [2.2](#Fig2){ref-type="fig"}). Fig. 2.2Innervation of the lower airways. (**a**) Distribution of autonomic fibers. (**b**) End organ innervations within the airway mucosa. *Dashed lines* represent sympathetic fibers, which have minimal activity in humans. *RAR* rapidly adapting receptor, *SAR* slowly adapting receptor, *DRG* dorsal root ganglion, *NDG* nodose ganglion, *ICJ* intracranial jugular ganglion, *NTS* nucleus tractus solitarius, *DMNX* dorsal motor nucleus of cranial nerve X, *NA* nucleus ambiguus, *M3* muscarinic receptor subtype 3, *Ach* acetylcholine, *NO* nitric oxide, *VIP* vasoactive intestinal peptide, *SP* substance P, *NE* norepinephrine, *NPY* neuropeptide Y, *P2Y* purinergic receptor 2Y

Mechanical, Thermal, and Chemical Receptors {#Sec6}
-------------------------------------------

Whereas SAR's respond primarily to mechanical deformation, RAR and C-fibers are polymodal, responding to diverse stimuli including temperature, acidity, and osmolarity. Transient receptor potential cation channels (TRP channels) are involved in transduction of environmental stimuli into physiologically relevant cellular responses. TRP channels are express on numerous cell types within the airway wall, including neurons (Fig. [2.3](#Fig3){ref-type="fig"}). Fig. 2.3Expression of transient receptor potential (TRP) cation channel subtypes in the structural and inflammatory cells of the airway mucosa. TRP subtypes are defined in the text

TRP channels were first described in relation to phospholipase C (PLC)-dependent phototransduction in *Drosophila* (Hardie and Minke [@CR66]), and later as a family of mammalian proteins involved in capacitative calcium entry induced by diverse stimuli via PLC-dependent and -independent mechanisms (Birnbaumer et al. [@CR14]; Zhu et al. [@CR203]). In 2001, TRPs were implicated in hypoxic vasoconstriction (McDaniel et al. [@CR107]; 2002), bronchoconstriction, and bronchial smooth muscle proliferation (Sweeney et al. [@CR165]); and by 2003 were recognized as potential targets in diverse environmental and inflammatory lung diseases (Li et al. [@CR100]). From a more fundamental standpoint, they constitute a critical interface between the environment and the lungs, transducing changes in temperature, osmolality, pressure, stretch, pH, and chemical stimuli into transmembrane cation fluxes, membrane potential changes, and intracellular second messenger signals. In addition to responding to environmental cues, changes in intracellular second messengers originating from activation of other signaling cascades can modulate TRP function, including their sensitivity to primary stimuli (Moran et al. [@CR116]).

The TRP family has 28 members subdivided into six subfamilies on the basis of sequence homology and chemical activation: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin), and TRPML (mucolipin). Activation of TRP can lead to depolarization due to enhanced cation conductance, elevation of intracellular Ca^2+^ concentration, or hyperpolarization when the channels are co-expressed with BKCa K^+^ channels (Moran et al. [@CR116]; Kim et al. [@CR86]). TRPs are expressed by many of the major cell types involved in asthma and COPD, and data indicate that TRP channels are involved in osmotic sensing, modulation of vascular permeability, mucociliary clearance, and inflammation (Colsoul et al. [@CR33]). In most cases, in vivo studies confirming physiological and pathophysiological roles for these receptors are lacking, but in the case of TRPA1, TRPC6, TRPV1, TRPV4, and TRPM4 in vivo validation is emerging (Banner et al. [@CR6]). TRPA1 is activated by diverse chemical stimuli, including changes in pH, and cold. TRPV1 is activated by heat, acid, and high chemical stimuli, but at higher concentrations than those known to activate TRPA1. TRPC6 is expressed in vascular smooth muscle and endothelium, and its activity is affected by mechanical stimuli, including stretch. TRPC6 has been linked to hypoxic vasoconstriction in pulmonary vasculature (Weissmann et al. [@CR182]) and plays a role in formation of pulmonary edema following pulmonary ischemia and reperfusion, as well as podocyte formation in kidney cells (Kim et al. [@CR86]). TRPV4 has also been linked to changes in vascular permeability and formation of pulmonary edema induced by high vascular pressure, airway inflation pressures, and tidal volumes (Banner et al. [@CR6]).

TRP channels are expressed on cells involved in innate and adaptive immunity, and have been implicated in inflammatory responses to environmental stimuli. TRPA1 and TRPC6 have been associated with enhanced allergic inflammation (Caceres et al. [@CR22]; Sel et al. [@CR154]). In contrast, TRPV1 has been reported to protect against allergic sensitization to aeroallergens but not sensitization to system allergens (Mori et al. [@CR118]). Differential effects of TRPV1 that are dependent on the route of sensitization is an interesting observation in that neutrophilic inflammation and airway hyperresponsiveness induced by LPS and allergen have also been shown to be affected by the route of sensitization (Wilson et al. [@CR191]), raising the question of whether TRPV plays a role in differentiating between immune responses originating systemically and at a mucosal barrier. TRPM4 has been associated with down-regulation of IgE-mediated mast cell activation in vivo (Banner et al. [@CR6]).

Reflexes {#Sec7}
========

For this discussion, reflexes in the respiratory system will be separated into two categories, regulatory and defensive. Regulatory reflexes are homeostatic in nature. Physiological parameters are monitored, and ventilation and perfusion are modulated to maintain the composition of arterial blood while maximizing efficiency of breathing and gas exchange. The major physiological parameters monitored in regulatory reflexes are mechanical deformation of airways and blood vessels, CO~2~ via pH, and arterial partial pressure O~2~ ($\documentclass[12pt]{minimal}
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\end{document}$). In contrast, defensive reflexes respond to environmental stimuli to protect cardiopulmonary function. Composition, or quality, of the air is monitored; and ventilation, perfusion, and mucosal functions are modulated to minimize exposure of tissues to injurious, or detrimental factors. The major parameters inducing defensive reflexes are changes in tactile sensation, temperature, acidity, and molecular structures at the mucosal surface.

Regulatory Reflexes {#Sec8}
-------------------

Maintenance of O~2~, CO~2~, and pH levels is a primary function of the respiratory system. The basic reflexes linking changes in O~2~, CO~2~, and pH to ventilation are described in textbooks of physiology and will not be reiterated here; but changes in sensitivity to CO~2~ in relation to respiratory drive and sleep apnea and reflex control of the airways by O~2~ and CO~2~ deserve consideration. Under normal conditions, hypercapnia and hypoxia are primary stimuli of the respiratory central pattern generator (CPG) in the brainstem. During sleep in normal individuals, the sensitivity to CO~2~ decreases, resulting in an elevation of $\documentclass[12pt]{minimal}
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\end{document}$ by 3--6 mmHg (Dempsey et al. [@CR42]; Skatrud and Dempsey [@CR158]). In parallel, the apnea threshold, or the $\documentclass[12pt]{minimal}
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During inspiration, negative pressure develops in the airway lumen, acting to collapse the airway and restrict airflow, particularly in the extrathoracic airways that are surrounded by barometric pressure. Reflexes exist to both preempt and respond to collapse of the upper airways. Reflexes that preempt closure of the upper airways originate in the CPG. Many of the muscles of the upper airways receive input from the CPG, which synchronizes their activity with inspiration and expiration and modifies their activity in response to respiratory stimulants and depressants, such as hypoxia, hypercapnia, and opiates. The genioglossus is the upper airway muscle that is best studied in this regard. The genioglossus contracts 50--100 ms before the beginning of inspiration, pulling the tongue forward and down, away from the pharynx, presumably in preparation for the development of negative airway pressure that would act to pull the tongue back into the oropharynx (Edwards and White [@CR46]).

In addition to extrinsic regulation by the CPG, muscles in the pharynx, and the lower airways as well, respond to local deformation of airway and lung tissue leading to reactive regulation of airway diameter, respiratory drive, and cardiac function. The effect of mechanical deformation is observed both within and across regions of the airways. The processes have been defined best in the lower airways, but are also known to be present in the upper airways. Both the active development of compressing transmural pressure during inspiration and passive compression by surrounding tissues tends to collapse the oropharynx. Collapse of the pharyngeal wall is opposed by active and passive forces (Susarla et al. [@CR163]). Negative pressure that develops in the pharynx during inspiration activates mechanoreceptors in the pharyngeal wall, inducing reflex contraction of constrictor muscles that stabilize the wall and oppose collapse. Simultaneously, expansion of the lungs increases traction on the upper airways, stiffening and opposing collapse of the pharynx. Conversely, positive pressure developed during exhalation induces activation of pharyngeal dilator muscles. Simultaneously, loss of traction on the pharynx as the lung deflates leads to progressive loss of tension in the pharyngeal wall during exhalation. The combination of a high level of pharyngeal dilator activity and compression by fat deposits in the wall of the pharynx has been implicated in collapse of the oropharynx late in expiration in obstructive sleep apnea (Susarla et al. [@CR163]).

Pressure changes in the upper airways also affect ventilation (Widdicombe [@CR189]). In adults, negative pressure in the pharynx, particularly in response to nasal obstruction, inhibits respiratory drive and increases expiratory and inspiratory time, and positive pressure has a small stimulatory effect on breathing frequency. Reflex stabilization of the upper airways by positive pressure, and reversing the decrease in respiratory drive associated with negative pressure may underlie the effectiveness of continuous positive airway pressure in alleviating sleep apnea (Widdicombe [@CR189]).

Of the three classes of sensory fibers found in the airways---SAR, RAR, and C-fibers---SAR neurons are most closely associated with regulatory reflexes. Activation leads to tachycardia, relaxation of airway smooth muscle, inhibition of inspiratory drive, and prolongation of expiration (Kubin et al. [@CR93]; Coleridge and Coleridge [@CR31]; Hlastala and Berger [@CR72]). Tachycardia increases cardiac output to accommodate the increase in venous return associated with the lower thoracic pressure and to better match the volumes of blood and air in the lungs. Relaxation of airway smooth muscle allows the airways to expand in concert with the increase in recoil force within the lung tissue. Inhibition of inspiratory drive opposes overinflation, and prolongation of expiration insures that inspiratory and expiratory volumes are matched.

Defensive Reflexes {#Sec9}
------------------

Defensive reflexes mediate changes in mucociliary clearance, sneezing and coughing to actively clear inhaled agents from the airways. Reflex changes in ventilation and perfusion limit distribution of inspired agents throughout the lungs and to other organs that could be damaged due to exposure to the toxin. Compared to SAR fibers involved in regulatory reflexes, RAR neurons, and C-fibers exhibit greater sensitivity to tactile stimulation, pH, and chemical agents; and play major roles in defensive reflexes. RAR neurons respond to mechanical deformation but also to inhaled irritants (e.g., smoke and ammonia (Kubin et al. [@CR93])) and low osmolarity solutions (Coleridge and Coleridge [@CR31]). C-fibers are less sensitive to mechanical deformation; but highly sensitive to pH changes, chemicals (e.g., ozone and capsaicin), high osmolarity solutions, and temperature changes (Kubin et al. [@CR93]; Coleridge and Coleridge [@CR31]). Response of the RAR irritant receptors is associated with cough, bronchoconstriction, and mucus secretion (Hlastala and Berger [@CR72]). C-fiber activation is associated with cough, rapid shallow breathing and apnea, bronchoconstriction, mucus secretion, bradycardia, and hypotension (Kubin et al. [@CR93]; Coleridge and Coleridge [@CR31]; Hlastala and Berger [@CR72]).

Under normal conditions, SAR neurons, RAR neurons, and C-fiber neurons are distinct subpopulations physiologically and anatomically. The respond to unique stimuli, exhibit unique temporal responses to stimuli, and terminate in separate regions within the NTS. Yet, outputs from the NTS converge on brainstem and spinal neurons controlling ventilation, cardiac function, airway diameter, salivary and mucus gland secretion, and pain, leading to significant overlap in efferent responses to SAR, RAR, and C-fiber activation (Kubin et al. [@CR93]). Furthermore, physiological differences between the subclasses become blurred in inflammation, which can change the expression patterns of TRP channels in the cells, increasing the diversity of stimuli that activate each neuronal subtype.

Exposure of the nose to diverse environmental stimuli leads to sneezing, mucus secretion, itching, nasal congestion, and nasal obstruction (Tran et al. [@CR171]). Each of these responses can be induced locally, but there is clear evidence of reflex involvement in sneezing, nasal secretion, and congestion (Sarin et al. [@CR151]). Sneezing is induced by irritants or tactile stimulation of the nasal mucosa, but also by exposure of the eyes to bright light or exposure of areas of the skin to sudden changes in temperature will induce sneezing. Rhinorrhea, or excessive nasal secretions, can be induced by local exposure to histamine, allergens, cold air, hypertonic solutions, the TRPV1 activator capsaicin, or bradykinin; but it can also be induced in the contralateral nostril (Sarin et al. [@CR151]). The reflex nature of the response is evident from the fact that the contralateral response is eliminated by cutting the Vidian nerve. Nasal congestion occurs in response to vasodilation of mucosal blood vessels and pooling of blood in the mucosa. Congestion can be induced by exposure of skin at different sites on the body to changes in temperature. The reflex nature of congestion is further indicated by the observation that congestion can cycle from one nostril to the other (Sarin et al. [@CR151]). This nasal cycle can be disrupted by inhibition of either sympathetic or parasympathetic outflow, leading to the idea that the cycling results from oscillating imbalance in parasympathetic-mediated vasodilation and sympathetic-mediated vasoconstriction.

Cough is both a protective mechanism for clearing pathogens, chemicals, and debris from the airways and a chronic, often debilitating, manifestation of infection and inflammation. The role of cough in lung defense is emphasized by the fact that loss of the cough reflex is accompanied by an increase in the incidence of pneumonia (Duarte and Myers [@CR44]). Interestingly, the cough reflex is lost following denervation of the lower airways during lung transplant surgery, but is then partially restored in some cases (Duarte and Myers [@CR44]). The restoration indicates that at least a part of the cough reflex is intrinsic to the lungs and does not require input from the central nervous system.

The cough reflex can be initiated via mechanical or chemical stimuli through parallel vagal afferent pathways. At least two activation pathways exist, one that is activated by capsaicin and inhibited under anesthesia, and another that is not activated by capsaicin and is retained under anesthesia. The former pathway is linked to bronchopulmonary C-fibers (Canning [@CR24]). C-fibers express the transient receptor potential cation channels, TRPV1, which endows them responsiveness to capsaicin, and TRPA1, which is activated by acrolein in cigarette smoke, allyl isothiocyanate, and nicotine (Banner et al. [@CR6]). They terminate in the mucosa, submucosa, parenchyma, and vasculature from the larynx to the peripheral lung. Cough induced by chemical activation of C-fibers is often paroxysmal.

Cough can also be initiated by receptors in the larynx, trachea, and large bronchi that activate Aδ fibers. In contrast to cough initiated by C-fibers, cough associated with Aδ fibers is rarely paroxysmal and is observed under anesthesia. Over 60 years ago, JG Widdicombe described vagal afferent fibers that were insensitive to mechanical stimulation of the airway surface, adapted rapidly to lung inflation, and could induce cough (Widdicombe [@CR187], [@CR188]). This initial description has led to the idea that RAR fibers are cough receptors, but Canning cautions against this interpretation (Canning [@CR25], [@CR24]). Aδ fibers are not a homogenous population, but rather there are multiple subpopulations that differ in peripheral termination sites, sensitivity to mechanical stimuli, and reflexes they activate. In some cases, activation of RAR fibers and cough can be dissociated, indicating that the cough receptor that activate Aδ fibers are separate entities from RARs. Specifically, stimuli that activate RAR fibers---hyperventilation, breathing against a closed glottis, and bronchoconstriction induced by histamine, neurokinin A, and leukotrienes---do not elicit cough (Canning [@CR25]). The cough receptors do not express the capsaicin receptor, TRPV1, but respond to protons and therefore may express other acid-sensitive ion channels. More definitive identification of cough receptors has been elusive, possibly due to plasticity in the pathway. Undem and colleagues have demonstrated that aeroallergen challenge induces TRPV1 expression in Aδ fibers (Lieu et al. [@CR102]). The aeroallergen-induced change in phenotype increases the range of stimuli that lead to neural activation.

In addition to cough, irritation in the upper airways can induce apnea, bradycardia, and changes in peripheral vascular resistance (Widdicombe [@CR189]). The diving reflex stimulated by exposure of the face and nasal mucosa to cold water is a well-recognized example of a cardiopulmonary reflex originating in the face and upper airways. The apnea and bradycardia induced by immersion in cold water can be so intense as to be fatal. The diving reflex is inhibited by interrupting conduction in the trigeminal nerve and can be mimicked by stimulating the ophthalmic branch (V~1~) of the trigeminal nerve. The systemic vascular responses to immersion in cold water is species dependent, but in humans exposing the nose to cold water leads to peripheral vasoconstriction and peripheral hypertension, but retention of coronary and cerebral blood flow. The diving reflex also entails closure of the larynx, reducing the risk of aspirating water.

An aspiration reflex is associated with mechanical stimulation of the nose, nasopharynx, and oropharynx. The reflex facilitates clearance of inhaled particles to the esophagus and can be mimicked by stimulation of the glossopharyngeal nerve. The aspiration reflex is closely associated with sniffing induced by some odors, but is unique in the fact that it is elicited by mechanical deformation. The aspiration reflex exhibits species diversity and relatively weak in humans.

Similar to the nose and pharynx, the larynx also exhibits a high density of mechanical, irritant, and chemical receptors. When stimulated, these receptors induce apnea, hypertension, bradycardia, bronchoconstriction, and cough. As would be expected from the diversity of sensory nerve endings, the stimuli affecting the larynx are diverse and include mechanical deformation, ammonia, SO~2~, smoke, 10--30 % CO~2~, and osmolarity (Widdicombe [@CR189]). In the case of osmolarity, changes in the concentration of permeant ions, particularly chloride, is a primary stimulus for receptor activation.

Deposition and Clearance of Airborne Particles {#Sec10}
==============================================

Deposition {#Sec11}
----------

Airborne particles are removed from inspired air by the impaction, interception, sedimentation, and diffusion. Impaction is the process by which inertia causes the particle to collide with the wall of the airway where the airstream deviates from a straight path. Particles with diameters greater than 10 μm (e.g., pollens, coarse particulate from mining and grinding activities) are deposit largely in the upper airways due to inertial impaction. Deflection of the inspired air around the turbinates and through the bend in the nasopharynx causes large particles with high inertia to impact with the front edge of the turbinates and posterior wall of the nasopharynx. The degree of impaction is related to the velocity of airflow, and as airflow rates decrease more large particles escape the upper airways and enter the lower airways, depositing in the trachea-bronchial region (Nakorn Tippayawong and Det Damrongsak [@CR123]; Heyder [@CR71]). Large particles escaping the upper airways continue to impact the airway wall at branch points/bifurcations in the lower airways. Interception is a term use to describe deposition resulting from a particle brushing against the wall of the airway and being trapped in the mucus, airway surface liquid, glycocalyx, or cell membranes. Fibers have a particularly high probability of being intercepted by the airways wall. Sedimentation refers to the settling of particles out of the airstream as velocity of airflow decreases. High rates of sedimentation are observed in the distal bronchi and bronchioles, where airflow velocity decreases due to an exponential increase in cross-sectional diameter of the airways. Particles that escape impaction, interception, and sedimentation can come in contact with and deposit on the airway wall via diffusion. Particles with aerodynamic diameters less than 10 μm (e.g., particles from combustion) are carried in the airstream to the lower airways and are considered to be respirable; and particles less than approximately 1 μm are carried into the alveoli; but the composition and surface characteristics of the particles greatly affect their deposition pattern. Hydrophilic particles tend to increase in size as inspired air is humidified, resulting in greater rates of deposition than predicted on their original dimensions (Heyder [@CR71]). Likewise, aggregation of dispersed particles increases deposition within the lungs and consolidation of particles within the airways. Hydrophobic particles exhibit less deposition in the larger airways than expected based on aerodynamic diameter, but greater deposition in distal regions where the hydrophobicity of alveolar surfactant can facilitate their interaction with the airway surface (Heyder [@CR71]).

Mucociliary Clearance {#Sec12}
---------------------

Particles depositing on the airway surface become entrapped in mucus gel layer floating on the airway epithelium. The airway surface is covered by a 7 μm film of electrolyte, the periciliary layer, that supports an overlying layer of mucus that is 7--70 μm thick and composed of electrolyte and gel-forming mucin glycoproteins (Fahy and Dickey [@CR48]; Tarran et al. [@CR169]). Electrolyte and mucins are secreted by both the glands and surface epithelium. Glands are found from the nose through the bronchi, and the density of glands decreases with increasing airway generation. In the large airways, 95 % of the mucus is secreted from submucosal glands, and only 5 % is derived from the surface epithelium, but in airways smaller than 2 mm, nonciliated cells in the surface epithelium are the only source of mucin glycoproteins (Trout et al. [@CR172]).

The structure of mucus glands was described in 1969 by Meyrick and colleagues from serial thin sectioning of the airway wall (Meyrick et al. [@CR110]), and subsequent studies defined the functional attributes of different regions of the glands (Wine [@CR192]). The prominent portion of the gland observed in histological sections consists of mucous tubules lined by eosinophilic secretory cells. The mucous tubules are flanked by tubules lined with electrolyte secreting epithelial cells. Distally, the serous tubules secrete electrolyte that hydrates the mucus and moves it towards the airway lumen. Proximal to the mucous tubule is the collecting duct, where electrolyte content of the mucus can be adjusted. The gland opens to the airway through a ciliated duct that propels the mucus onto the airway surface.

Mucin glycoproteins impart the gel-like character to mucus. MUCAC and MUC5B are the major polymer-forming mucins in the airways (Fahy and Dickey [@CR48]). MUC5AC is expressed mainly in large proximal airways by the superficial epithelial cells. MUC5B is expressed in glands throughout the proximal airways and by secretory cells in the surface epithelium in both proximal and distal airways. Mucins are stored in secretory cells in a condensed form and hydrated extracellularly following exocytosis (Fahy and Dickey [@CR48]). The mucin glycans provide a substrate which can bind microbial proteins and trap inhaled particles, thereby limit further penetration of the mucosal barrier (Fahy and Dickey [@CR48]). In addition, the gel acts as a sieve with a pore size of approximately 500 nm.

Electrolyte homeostasis in the airways represents a balance in at least three processes: passive transepithelial diffusion of salt and water, transepithelial Na^+^ absorption mediated by basolateral Na/K ATPase and apical Na^+^ channels (ENaC), and transepithelial secretion of Cl^−^ and HCO~3~ ^−^ via the cystic fibrosis transmembrane regulator (CFTR) and calcium-activated Cl^−^ channels (CaCC) (Wine [@CR192]; Tarran et al. [@CR169]). CFTR activity is regulated by cAMP, and the importance of this pathway in electrolyte balance is highlighted by the airway dehydration associated with cystic fibrosis. ATP may also play a role in regulating the depth of the periciliary and mucus layers. ATP is released by the epithelium into the airway lumen and acts through P2Y receptors to stimulate airway epithelial Cl^−^ secretion via CaCC and inhibit airway epithelial Na^+^ absorption via ENaC (Tarran et al. [@CR169]). Breakdown of ATP to adenosine and subsequent activation of A2b receptors on the apical epithelial surface can regulate CFTR and ENaC secondarily (Tarran et al. [@CR169]). ATP also stimulates surfactant release from Type II pneumocytes and thereby reduces surface tension (Mishra et al. [@CR114]). Surface tension is associated with alveolar edema, and in this context, ATP would reduce the formation of alveolar edema.

The role of purinergic regulation in lung function is well recognized in the context of cystic fibrosis and may also be relevant to asthma. ATP functions in recruitment and activation of dendritic cells, neutrophils, and eosinophils (Mortaz et al. [@CR119]; Willart and Lambrecht [@CR190]; Muller et al. [@CR120]); and can promote allergic responses through the innate immune system by inducing airway epithelial cells to secrete IL-33, which promotes Th2 responses (Kouzaki et al. [@CR91]). Single nucleotide polymorphisms of purinergic receptors are associated with FEV~1~, FEV~1~/FVC, airway hyperresponsiveness, and bronchodilator responses; and the associations are affected by house dust mite exposure (Bunyavanich et al. [@CR21]).

Airway Resistance {#Sec13}
=================

The nose accounts for approximately 50 % of the total resistance to airflow in the airways and therefore also accounts for an equivalent proportional decrease in lumenal pressure as air flows between the nares and alveoli. The configuration of the respiratory system leads to region-specific closure of airways during inspiration and expiration. Respiratory muscles act on the chest wall and diaphragm to change the pressure in the pleural space and alveoli, which subsequently drive airflow. The nose accounts for approximately 50 % of the total resistance to airflow through the respiratory system during nasal breathing. The nasal resistance lowers the pressure in the pharynx during inspiration, predisposing the pharynx to collapse during inspiration (Ferris et al. [@CR49]). In contrast, the restriction opposes collapse of the distal airways during exhalation by providing a backpressure in the airway lumen. By comparison, the intrathoracic extrapulmonary airways are surrounded by pleural pressure, which remains negative relative to barometric pressure during quiet breathing. Thus, during normal resting breathing, pleural pressure opposes closure of intrathoracic airways during inspiration. During forced exhalation, pleural pressure can be positive, which tends to compress the intrathoracic extrapulmonary airways. Likewise, intrapulmonary airways are surrounded by alveoli, and development of positive alveolar pressure during exhalation acts as a compressive force. Under normal conditions, the resistance of the distal airways is low, leading to minimal decrease in the luminal pressure, minimizing the pressure differential across the wall of the intrapulmonary airways. Alveolar septa impinge upon the walls of the intrapulmonary airways, and stretch of the septa opposes collapse of the airways, particularly at high lung volumes. Increase in the resistance of the distal airways due to smooth muscle contraction, accumulation of secretions in the airway lumen, or destruction of lung tissue that reduces elastic recoil leads a premature drop in the luminal pressure and dynamic compression of the airways during exhalation (Irvin and Bates [@CR77]).

The collagen and elastin network combined with contractile elements, surface tension, surface-active material, and fluid dynamics result in complex responses of the lungs to applied pressures. The resulting viscoelastic properties of the lungs give rise to tissue resistance that is dependent on breathing frequency, increasing at low frequencies and decreasing at higher frequencies. At respiratory rates of 12--24 bpm, tissue resistance can account for 40 % of the resistance to breathing (Faffe and Zin [@CR47]). The role of tissue resistance in responses to allergen challenge in mice is well established (Irvin and Bates [@CR77]), but less is known about its role in humans. Readers wanting to delve deeper into lung mechanics and models of lung behavior are directed to the excellent review by Faffe and colleagues (Faffe and Zin [@CR47]) as well as the work of Jason Bates (Bates and Lutchen [@CR10]).

Control of Airway Smooth Muscle {#Sec14}
===============================

Airway smooth muscle exhibits basal tone; and numerous hormones, neurotransmitters, inflammatory mediators, environmental agents, and therapeutics alter the airway smooth muscle contractile activity. Two primary factors influencing the level of bronchomotor tone under basal conditions is parasympathetic cholinergic stimulation of contraction via M3 receptors on the smooth muscle, and parasympathetic noncholinergic fibers induce bronchodilation via VIP, Substance P, and NO (Canning [@CR26]). While there is abundant expression of VIP in the trachea and bronchi (Groneberg et al. [@CR58]; Kraneveld and Nijkamp [@CR92]; Groneberg et al. [@CR56]), there is a lack of definitive evidence for expression of the known VIP receptors---PAC, VPAC1, and VPAC2---on airway smooth muscle, yet VPAC2 agonists induce bronchodilation both in vivo and in vitro (Tannu et al. [@CR168]). So, the mechanism by which VIP induces smooth muscle relaxation is unclear. Hormonally and therapeutically, bronchodilation via β-adrenergic agonists and elevation of cAMP is well documented.

In humans, SP and NKA contract large airways via activation of NK2 receptors (Kraneveld and Nijkamp [@CR92]). NK1 agonists are without effect. SP and NKA also contract small airways, but the effects are mediated by thromboxane and A2 and NK1 receptors (Kraneveld and Nijkamp [@CR92]).

Mast cell- and basophil-derived mediators, including histamine and cysteinyl leukotrienes, are potent bronchoconstrictors, and bidirectional interaction exists between mast cells and parasympathetic afferents (Kraneveld and Nijkamp [@CR92]). NANC nerve terminals in the airway wall express histamine receptors capable of increasing sensitivity of the neurons to stimuli, lowering the stimulus threshold for release of neuropeptides. In human mast cells, SP can down-regulate FcεRI and the response to IgE (McCary et al. [@CR106]). In vivo, down-regulation of FcεRI would reduce acute bronchoconstriction in response to allergen, which would be in opposition to bronchoconstriction induced by direct effect of SP binding to NK2 receptors airway smooth muscle. Reciprocally, mast cell lines have been shown to express NK1 and NK2 receptors, and SP modulates mast cell activity (Kraneveld and Nijkamp [@CR92]). Similarly, both nerves and mast cells have been shown to secrete and respond to nerve growth factor (NGF) (Kraneveld and Nijkamp [@CR92]). Cholinergic, adrenergic, and nonadrenergic noncholinergic neurotransmitters regulate secretions in the airways. Adrenergic stimulation induces electrolyte secretion onto the airway surface. VIP induces low rates of secretion from glands, and acetylcholine induces high rates of glandular secretion (Wine [@CR192]).

Control of Mucus Secretion {#Sec15}
==========================

Control of electrolyte and mucin secretion varies across species and is still not completely understood. In humans, acetylcholine from parasympathetic cholinergic efferent fibers acts on muscarinic M~3~ receptors to induce both mucin and electrolyte secretion (Rogers [@CR148]; Wine [@CR192]). At least a portion of the Ach-induced electrolyte secretion is secondary to Ca^2+^-induced Cl^−^ transport that is independent of the cystic CFTR (Wine [@CR192]). Ach-dependent regulation of mucus secretion is thought to be the major pathway controlling reflex stimulation of mucus secretion through the autonomic motor nuclei.

VIP constitutes a second major control pathway in human airways that parallels and modulates Ach-induced mucus secretion. VIP acting on VIP type 1 receptors (VPAC1R) expressed on gland and surface epithelial cells stimulates electrolyte and mucin secretion (Kim et al. [@CR85]; Miotto et al. [@CR112]). Unlike Ach-induced electrolyte secretion, VIP stimulates HCO~3~ ^−^ secretion that is dependent on CFTR and therefore is impaired in cystic fibrosis (Wine [@CR192]). In addition to the epithelial expression, VIP receptors are also found presynaptically on parasympathetic cholinergic efferent fibers. Activation of these receptors inhibits Ach-induced mucus secretion, and this thought to be the dominant effect of VIP on submucosal glands (Rogers [@CR148]).

Inflammation alters expression of VIP receptors, and it is unclear whether the alteration contributes to, or compensates for increased mucus production. Consistent with this paradigm, in a rat model of airway inflammation, VIP expression in the airway wall was negatively correlated with ozone-induced changes in mucin secretion (Li et al. [@CR101]). In humans, VIP and VIP receptors expression are increased in the nasal mucosa of allergic rhinitis subjects (Kim et al. [@CR85]; Park and Christman [@CR136]) and bronchial mucosa of smokers with chronic bronchitis (Miotto et al. [@CR112]). It is unknown if the increased expression observed in human tissues is related to inhibitory activity at cholinergic synapses, or is associated with NANC stimulation that synergizes with the cholinergic stimulation.

In some species, sensory efferent/axon reflex control of glandular secretion is common and involves CGRP, NKA, and/or SP (Rogers [@CR148]). As stated above, sensory efferent innervation is not common. There is scant evidence of CGRP, NKA, or NKB expression in human airways, but SP is expressed, along with NK1, NK2, and NK3 receptors (Canning [@CR26]). Interestingly, in 2007, Wine and colleagues demonstrated a direct effect of SP on volume secretion by human bronchial glands, the effect was 10 % of what was observed in porcine glands stimulated with SP and even less and less than 10 % of the secretion rate observed in human glands stimulated with carbachol (Choi et al. [@CR29]). SP was synergized with VIP, but not carbachol, and was shown to involve electrolyte secretion through a CFTR-dependent pathway.

In contrast to glands, secretion of mucins from goblet cells in the surface epithelia is reported to be controlled primarily by ATP and UTP in the airway surface liquid acting on apical P2Y purinoceptors (Davis and Dickey [@CR39]). Bronchioles are normally devoid of goblet cells, and the major nonciliated secretory cell in this region is the Clara cell. Under normal condition, Clara cells secrete mucin glycoproteins in a constitutive fashion, with secretion rates matching production, and no accumulation of glycoproteins in secretory granules. During inflammation, production of mucin glycoproteins increases, and mucin granules appear in the cells, resulting in a goblet cell phenotype.

Airway Inflammation {#Sec16}
===================

The inflammatory response to inhaled pathogens is highly variable and affected by the nature of the agent, its concentration in inspired air, duration and periodicity of exposure, and expression of comorbid conditions. A summary of common inflammatory cells in the lungs and some of their interactions are illustrated in Fig. [2.4](#Fig4){ref-type="fig"}. Innate and adaptive responses drive the inflammation, leading to redundancy in the pathways leading to the inflammatory response. Epithelial cells, dendritic cells, macrophages, mast cells, natural killer (NK) cells, and nerves respond to pathogens in the airways and environmental stimuli, altering airway function, mounting defense responses, and initiating inflammation. Interaction with T and B lymphocytes leads to adaptive immune responses, immunologic memory, and efficiency of subsequent responses. There is a tendency in reviews and discussions in this field to focus on pro-inflammatory mechanisms, but it should be noted that counter-regulatory mechanisms are in place that limit the inflammatory response and thereby protect the tissues from intrinsic damage. Fig. 2.4Overview of cells and cytokines implicated in airway inflammation underlying asthma. *Red* indicates pathways that down-regulate T~H~2-driven inflammation. *PAR* protease-activated receptor, *PRR* pattern recognition receptor, *MΩ* macrophage, *NK* natural killer cell, *DC* dendritic cell, *Th* T-helper lymphocyte, *iNKT* invariant natural killer T lymphocyte, *γδ-T* γδ-T lymphocyte, *PMN* polymorphonuclear lymphocyte, *T* ~*reg*~ regulatory T lymphocyte, *B cell* B lymphocyte, *MC* mast cell, *Eos* eosinophil

*Macrophages* are found in the alveolar, interstitial, and intravascular compartments. The alveolar macrophage exists at the air--tissue interface and acutely responds to environmental stimuli. They stain brightly for nonspecific esterase. Upon activation they secrete reactive oxygen species (ROS) and cytokines, and exhibit Fc-independent phagocytosis (Lohmann-Matthes et al. [@CR104]). Interstitial macrophages exhibit less secretion of ROS and cytokines, but have a greater capacity for antigen presentation. Intravascular macrophages are thought to engulf material then transit from the lung and into the blood. They are distinguished from monocytes by a greater capacity for phagocytosis (Lohmann-Matthes et al. [@CR104]). Dendritic cells are similar to interstitial macrophages, but these cells have even greater capacity for antigen presentation.

Inhaled particles activate macrophages via cell surface receptors (scavenger receptors and pattern recognition receptors (PRRs)) that recognize common structures that are shared by broad classes of pathogen (pathogen-associated molecular patterns or PAMPs). Scavenger receptors represent a diverse family of molecules capable of binding inorganic molecules such as silica and titanium, as well as organic molecules such as low density lipoprotein (Murphy et al. [@CR122]). Eight classes of scavenger receptors have been described and are designated A through H. Receptors classes A, B, D, and E, specifically SR-AI/II, MARCO, CD36, CD68, and LOX-1, have been implicated in responses to environmental pathogens (Thakur et al. [@CR170]; Yatera et al. [@CR201]; Lewis et al. [@CR99]). PRRs recognize PAMPs including mannans in the yeast cell wall, bacterial-derived formylated peptides, lipopolysaccharides, and lipoteichoic acids; and PRR--PAMP interaction be direct or may depend on intermediate or adapter molecules. Toll-like receptors (TLRs) bind PAMPs directly. TLR2 and 4 are expressed by alveolar macrophages and mediate many of the responses to pathogens (Xiang et al. [@CR195]; Xiang and Fan. [@CR194]). TLRs also recognize damage-associated molecular patterns (DAMPs), leading macrophages to respond to tissue injury following environmental exposures and inflammatory responses (Xiang et al. [@CR195]). Particles and pathogens may also bind indirectly to macrophages following opsonization with immunoglobulins, complement, or collectins including mannose binding protein and surfactant apoproteins A and D. Opsonized pathogens bind to macrophage via Fc (FcγRI, II, and III; FcεRI; and FcαRI), complement receptors (CR1, 3, 4), or collectin receptors (SP-R210, cC1qR, CD14, SRCL) (Selman et al. [@CR155]; Aderem and Underhill [@CR1]; Grubor et al. [@CR59]).

Macrophages play a central role in dust-induced occupational diseases, such as silicosis, asbestosis, and berylliosis. Activation by particles leads to phagocytosis and secretion of ROI (reactive oxygen intermediates such as superoxide, hydrogen peroxide, hydroxyradicals) and RNI (reactive nitrogen intermediates like nitric oxide and peroxynitrite). Activation also alters immune and inflammatory responses via secretion of cytokines (e.g., TNF-α, IL-12, TGF-β) and chemoattractants (e.g., CCL17 and CCL22 act on T~H~2 cells, and CCL11 attracts eosinophils). The specific stimulus controls the secretory products that are released and the ultimate physiological and pathological responses of the macrophage.

*Dendritic cells* are found throughout the respiratory tract and can be separated into at least five subtypes based on cell surface markers and origin: conventional, plasmacytoid, monocyte-derived inflammatory, innate killer, and alveolar dendritic cells (Hammad and Lambrecht [@CR62]; Lambrecht and Hammad [@CR94]). Dendritic cells play a central role in both initiating immune responses to allergens, microbes, and viruses and maintaining balance within the immune system. Accordingly, different subsets have specialized, and occasionally opposing effects on immune responses. For example, dendritic cells of myeloid origin, including conventional and inflammatory dendritic cells, actively promote T~H~1 and T~H~2 immune responses against foreign antigens (Hammad and Lambrecht [@CR62]; Hammad et al. [@CR63]). In contrast, some plasmacytoid dendritic cells have anti-inflammatory activity that leads to apoptosis of eosinophils and lymphocytes through expression of programmed death 1 ligand (PD-1L) (Kool et al. [@CR89]).

In normal lungs, immature dendritic cells express high levels of PRRs, but low levels of accessory molecules necessary for binding and activating naïve T-lymphocytes (CD40, CD54, CD58, CD80, and CD86). Immature dendritic cells are thereby poised to take up and process antigens, but are inefficient in presenting antigen to lymphocytes. In the presence of inflammatory mediators including GM-CSF, IL-4, CD40L, TNF-α, IL-1β, IL-6, and thymic stromal lymphopoietin (TSLP), DAMPs, PAMPs, or specific ligation with T-helper cells, immature dendritic cells differentiate and express high levels of MHCII and the accessory molecules necessary for efficient antigen presentation. Exposure to antigen and inflammatory mediators, which normally occurs in peripheral tissues, causes the dendritic cell to migrate to the draining lymph nodes where the mature dendritic cell then presents antigens with high efficiency in the T cell zones of the secondary lymphoid tissues. Maturation factors for dendritic cells are prevalent in the mucosa in many diseases, particularly in allergic airways disease, and result in recruitment of monocytes that differentiate into mature dendritic cells (Ganesh et al. [@CR51]; Blanchfield and Mannie [@CR16]; Hamilton and Anderson [@CR61]; Ritz et al. [@CR146]; Soruri and Zwirner [@CR160]).

Dendritic cells process and present both peptide and non-peptide antigens, and the type of antigen affects dendritic cell maturation. Viral- and cell-associated antigens induce maturation to a phenotype characterized by expression of CD70 and Notch Ligand Delta and secretion of IL-12, which promotes development of T~H~1 cells that are thought to mediate antiviral immunity and promote cell-mediated diseases such as Sarcoidosis (Parisinos [@CR135]). In contrast, soluble peptide allergens induce dendritic cells, particularly myeloid dendritic cells, to mature into a TH2-promoting phenotype thought to play a critical role in allergic respiratory diseases (Tsoumakidou et al. [@CR173]). Interestingly, viral infections are a primary trigger for asthmatic reactions, so the dichotomy between the effects of viral and allergenic antigens is not absolute. Viral exposure has been shown to induce the expression of the high affinity IgE receptor (FcεRI) on murine dendritic cells, and activation of the receptor leads to expression of CCL28, a chemoattractant for T and B lymphocytes (Holtzman et al. [@CR74]; Grayson et al. [@CR55]).

*Lymphocytes* comprise a relatively small percentage of the inflammatory cells in environmental lung diseases compared to macrophages, PMNs, and eosinophils (\<10 % of the cells in bronchoalveolar lavage fluid); but are thought to play crucial regulatory roles. All three subtypes (T cells, B cells, and natural killer (NK) cells) are found in the lungs following environmental exposures.

T cells express the CD3 cell surface marker, which is a subunit of the T cell receptor. They are subdivided into CD4+ (T helper (T~H~), CD4+ T regulatory T (T~reg~), γδ T, and invariant Natural Killer T-lymphocytes (iNKT)) and CD8+ (cytotoxic T~C~)) cells. T~H~ cells are further divided into effector and memory T~H~1, T~H~2, T~H~9, and T~H~17 cells. T~H~1 cells secrete IFN-γ and promote cellular immunity. T~H~2 cells secrete IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 that support humoral immune responses. IL-4 is a key cytokine in needed for differentiation of the T~H~2 subset and immunoglobulin class switching to the IgE isotype. IL-5 is a primary growth factor for eosinophils, and IL-13 induces smooth muscle and goblet cell growth. IL-6 is a growth factor for T, B, and mast cells. IL-9 also promotes mast cell growth. IL-10 promotes B cell growth, but inhibits T~H~1 and T~H~2 responses. T~H~17 cells secrete IL-17A and F, which promote neutrophilic inflammation. iNKT cells can be activated by glycolipid bound to the MHC-class-I-like cell surface protein, CD1d, leading to secretion of IL-4, IL-5, and IL-13 and T~H~2-like inflammation (Meyer et al. [@CR109]; Iwamura and Nakayama [@CR79]). iNKT cells are responsive to IL-25 and IL-33, which are expressed by epithelial cells in response to activation of PRRs. iNKT cells may thereby act as effector cells for epithelial cell-initiated responses to diverse environmental stimuli, helping to explain the preponderance of the Th2 response in the allergic lungs. IL-25 is also secreted by mast cells and T~H~2 lymphocytes. This reciprocal activation of iNKT, mast cells, and T~H~2 lymphocytes represents a point of synergism between the adaptive and innate immune systems (Iwamura and Nakayama [@CR79]). iNKT cells are relatively resistant to corticosteroids and may contribute to steroid-resistance in asthma. γδ T cells also respond to lipid antigens presented in the context of CD1d on the surface of DCs (Lloyd and Hessel [@CR103]). Some γδ T cells can express cytokines associated with asthma, including IL-5 and IL-13 (Robinson [@CR147]) and IL-17A (Murdoch and Lloyd [@CR121]). However, γδ T cells may not be purely pro-inflammatory and have been associated with resolution of allergic responses in mice (Murdoch and Lloyd [@CR121]).

T~reg~ cells secrete the immunosuppressive cytokines TGF-β and IL-10 and are thought to play an important role in moderating pulmonary allergic sensitivity and immune responsives (Nouri-Aria and Durham [@CR127]; Ray et al. [@CR143]; Wan and Flavell [@CR179]). TGF-β is also implicated in wound healing and tissue remodeling. These cells are therefore capable of down-regulating inflammation and promoting repair of lung tissue. In the lungs, an excessive repair response however may result in fibrosis.

CD8 T~C~ bind to the non-variable region of MHCI stabilizing the interaction between the T~C~ cells and cells that express viral antigens in the context of MHCI, positioning the T~C~ cells to release perforin, granzymes, and granulysin that kill the virus-infected cells. T~C~ cells differentiate into subsets that are functionally similar to those described for T~H~ cells, including T~C~1, T~C~2, T~C~17, FOXP3+, γδ+, effector, and memory cells. In a T~H~2 environment, T~C~ cells are induced to produce IL-5, augmenting the allergic response and providing a potential mechanism for virus-induced asthma exacerbations (Coyle et al. [@CR37]).

NK cells are CD3 negative cells that lyse cells expressing abnormal levels of MHCI. NK cells play diverse roles in allergic asthma. They can produce large amounts of IFN-γ, and thereby affect DC maturation. They express MHC II, and in the presence of costimulatory molecules present the antigens to T~H~2 cells (Korsgren et al. [@CR90]), but depletion does not impair antibody responses to antigen (Hanna et al. [@CR64]). Consistent with secretion of IFN-γ, NK cells attenuate ovalbumin-induced airway responses in mice (Wang et al. [@CR180]) and are required for timely resolution of OVA-induced airway inflammation, possibly via Resolvin E1 binding to its receptor, CMKLR1, on NK cells (Matsubara et al. [@CR105]).

Multiple subpopulations of NK cells have been described based on cell surface markers, cytolytic capacity, and cytokine secretion. IL-12 induces a cytolytic phenotype (Haworth et al. [@CR67]). IL-18 also induces differentiation of NK cells towards a phenotype of low cytolytic activity and robust IFN-γ secretion (Moretta et al. [@CR117]). Exposure to IL-4 inhibits development of a cytolytic phenotype (Agaugue et al. [@CR2]), and a subpopulation of NK cells has been described, NK2 cell, that secrete T~H~2 cytokines and promote humoral immunity (Moretta et al. [@CR117]). Thus, depending on the environment, NK cells can modulate antigen presentation and development of effector cells.

*Polymorphonuclear leukocytes* (*PMNs*) are prominent in the airways of smokers and are among the first cell types to infiltrate the lung during the airway inflammatory response to allergen. PMNs are also prominent following acute lung injury and in the lungs of subjects who die of status asthmaticus (Deniz et al. [@CR43]). In COPD, PMN numbers correlate with impairment of pulmonary function (Cowburn et al. [@CR36]; Perl et al. [@CR140]). PMNs are activated and recruited to the lungs by diverse signals, including IL-8 acting on the CXCR1 and CXCR2 chemokine receptors and leukotriene-B4 (LTB4), TNF-α, IL-1β, IL-6, and MCP-1 (Bathoorn et al. [@CR11]). Circulating PMN binds to pulmonary capillary endothelial cells via selectins (P-, E-, and L-selectin) and β2-integrins. The majority of transendothelial migration of neutrophils is via active endothelial engulfment triggered by engagement of ICAM1 (Perl et al. [@CR140]; Bathoorn et al. [@CR11]). In the tissues, PMNs migrate to the site of inflammation by phosphoinositide 3-kinase-dependent chemotaxis. Circulating PMNs have a relatively short lifespan (6--12 h), but apoptosis can be inhibited and lifespan extended at sites of inflammation by lipid activators, TNF, IL-1, IL-6, IL-8, GM-CSF, G-CSF, and hypoxia; thereby extending their longevity in the tissues (Cowburn et al. [@CR36]; van Buul et al. [@CR176]). Activated neutrophils secrete elastase, cathepsins, myeloperoxidase, and ROS; all of which can lead to further tissue damage. Macrophages play a role in down-regulating neutrophilic inflammation by phagocytosis of apoptotic neutrophils and secretion IL-10 and TGF-β (Perl et al. [@CR140]). Impairment of macrophages in COPD may contribute to chronic neutrophilic inflammation.

Anti-inflammatory lipid mediators acting on the PMNs, endothelium, and epithelium inhibit PMN migration and promote resolution of neutrophilic inflammation (Cowburn et al. [@CR36]). Five categories of anti-inflammatory mediators have been described: lipoxins, resolvins, protectins, cyclopentenones, and polyisoprenyl phosphates. These mediators reduce PMN migration and inhibit release of pro-inflammatory mediators while increasing apoptosis and clearance by macrophages (Haworth et al. [@CR67]; Campbell et al. [@CR23]; Haworth and Levy [@CR68]). These mediators increase expression of anti-adhesion molecules on epithelium and consequently promote epithelial clearance of PMN (Haworth and Levy [@CR68]).

*Eosinophils* are commonly associated with allergic asthma although their number can vary widely between subtypes of patients (Campbell et al. [@CR23]). Eosinophils are also prevalent in 20--40 % of COPD patients (Welte and Groneberg [@CR184]; Akuthota et al. [@CR4]). Whether eosinophils are bystanders or effectors in these diseases is a matter of debate (Saha and Brightling [@CR149]). IL-5 is a primary eosinophil growth factor, and complement C5a and platelet activating factor are major chemoattractants (Akuthota et al. [@CR4]; Sugita et al. [@CR162]). Other cytokines that are active in eosinophil recruitment include IL-2, IL-3, GM-CSF, eotaxin, and RANTES (Resnick and Weller [@CR144]). Vascular cell adhesion molecule 1 (VCAM-1) is upregulated on endothelial cells by IL-4t does not efficiently interact with neutrophils, which may be why eosinophils accumulate in allergic airways to a greater degree than neutrophils (Resnick and Weller [@CR144]). When activated, eosinophils release cationic proteins, leukotrienes, and ROS (Resnick and Weller [@CR144]). In addition, eosinophils contain over 30 different cytokines that are released in response to specific stimulation (Sugita et al. [@CR162]; Spencer et al. [@CR161]). Eosinophils augment the T~H~2 response to allergen by production of IL-4 and IL-5 (Spencer et al. [@CR161]). They also inhibit growth of respiratory syncytial virus (Akuthota et al. [@CR4]).

*Mast cells* respond to environmental stimuli through TRPs, PRRs, crosslinking of FcεRI by allergen and allergen-specific IgE. Mast cells originate from a myeloid progenitor that is distinct from the granulocyte and macrophage progenitor. Immature precursor cells are released from the bone marrow and circulate to peripheral tissues where they mature into effector cells. The mechanisms underlying recruitment of mast cell precursors to the lungs have not been fully defined but appear to involve interactions of integrins α4β1 and α4β7 with VCAM-1 in response to LTB4, PGE~2~, IL-9, and other signals from NKT and T~reg~ cells (Akuthota et al. [@CR4]). In the mucosa, mast cells mature in response to stem cell factor (SCF) produced by the epithelium (Collington et al. [@CR32]; Weller et al. [@CR183]), acting through the c-kit receptor (Wen et al. [@CR185]). When mature, mast cells respond to PAMPs, DAMPs, environmental stimuli, and allergen-specific IgE by immediate release of preformed mediators, including histamine, serotonin, and serine proteases, followed by synthesis and release of cysteinyl leukotrienes (LTC4, D4, E4, and F4), LTB4, thromboxane, and platelet activating factor. Mast cells also release pro-inflammatory cytokines including TNF-α, IL-4, IL-5, IL-6, and IL-13, which augment and prolong mucosal inflammation (Collington et al. [@CR32]).

Mast cell products have widespread effects in the lungs. Histamine induces smooth muscle contraction, increases endothelial permeability, stimulates epithelial secretory activity, and modulates afferent nerve activity. Histamine stimulates or inhibits nerve activity depending on the balance of H1and H3 histamine receptor ligation (Weller et al. [@CR183]). Leukotriene receptors are found on diverse structural and inflammatory cells types and regulate global aspects of airway and vascular function, as well as immunity and inflammation (Weller et al. [@CR183]; Groneberg et al. [@CR57]). LTB4 is a potent chemoattractant and activator of neutrophils, eosinophils, macrophages, T cells, and DCs (Okunishi and Peters-Golden [@CR129]). Mast cells have been implicated in myocardial remodeling and fibrosis (Okunishi and Peters-Golden [@CR129]) and pulmonary responses to silica and nanoparticles (Levick et al. [@CR98]).

*Epithelial cells* have emerged as important participants in inflammatory responses to environmental stimuli. The epithelium expresses a wide array of receptors to monitor inspired air for pathogens and toxins, including protease-activated receptors (PARs), TLRs, nucleotide-binding oligomerization domain \[NOD\]-like receptors, and TRPs. Activation leads to release of cytotoxic proteins, collectins, and ROS that contribute to killing and clearance of microbes (Brown et al. [@CR20]; Shannahan et al. [@CR156]). Epithelial cells modulate immune responses through release of cytokines that act on dendritic cells and T cells. For example, GM-CSF and TSLP induce dendritic cells to promote T~H~2 immune responses. IFN-α and -β promote T~H~1 responses, and IFN-λ (IL-28 and IL-29) promotes T~reg~ growth (Schleimer et al. [@CR153]). IL-33 production by epithelial cells promotes mast cell activation and T~H~2 cell differentiation, and IL-25 activates iNKT cells to produce T~H~2 cytokines. Recent studies by McKenzie indicate that IL-25 also induces nuocytes that produce T~H~2 cytokines (Schleimer et al. [@CR153]). IL-6 production results in the differentiation of antibody-secreting B cells. Ligation of CD40 on epithelial cells can initiate inflammatory cell recruitment via release of RANTES, MCP, CCL28, and IL-8. Epithelial cells can also regulate survival of immune cells via expression of PD-L1, PD-L2, and Fas ligand (Barlow and McKenzie [@CR8]; Neill et al. [@CR125]).

In addition to its roles in immunity and inflammation, the airway epithelium is thought to play an important role in mucosal repair and tissue remodeling through the release of pro-fibrotic mediators and enzymes (Schleimer et al. [@CR153]). The epithelium may play an even more direct role in fibrosis via epithelial--mesenchymal transition (EMT). EMT is a form of epithelial plasticity in which epithelial cells redifferentiate into migratory fibroblastoid cells. It is well recognized that epithelial damage leads to release of TGF-β, epidermal growth factor (EGF), and fibroblast growth factors (FGFs) that facilitate wound healing and promote fibrosis. TGF-β down-regulates E-cadherin and tight junctions between the epithelial cells and upregulates mesenchymal markers (Hackett. [@CR60]). To date, most of the work in this area has been in mice, and definitive evidence of whether EMT plays a role in human airways is lacking.

*Neurons* interact with inflammatory and immune cells in a bidirectional fashion. Afferent nerves express receptors for inflammatory mediators. One prominent example mentioned above is H1 and H3 histamine receptors on afferent parasympathetic neurons (Johnson et al. [@CR80]). Another is LTB4 acting on TRPV1 channels (Groneberg et al. [@CR57]).

Work supporting development of cholinergic antagonists for use in COPD has led to documentation of muscarinic receptors on diverse inflammatory cells that mediate acetylcholine-induced proliferation and chemotaxis (Hwang et al. [@CR76]). At least some of the acetylcholine effects are thought to be due to increased secretion of LTB4. Interestingly, while the clinical use of cholinergic antagonists is increasing, definitive proof of a direct role for acetylcholine in airway inflammation is lacking (Kistemaker et al. [@CR87]).

In contrast to acetylcholine, a strong case is emerging for a role of VIP in immune and inflammatory processes. Two subtypes of VIP receptors with opposing activity have been described, VPAC1 and VPAC2. VPAC1 activation is immunosuppressive, causing down-regulation of both cytotoxic and allergic responses (Kistemaker et al. [@CR87]). VIP induces generation of T~reg~ cells in the spleen of mice (Voice et al. [@CR178]), which may account for some of its immune suppression. VPAC1 is expressed constitutively, and long-acting VIP analogues are being developed as means to suppress inflammation in allergic asthma and COPD (Szema et al. [@CR166]). VPAC1 has also been associated with enhanced Th17 responses, and the impact of VIP-VPAC1 effects in disease has yet to be defined (Onoue et al. [@CR131], [@CR130]; Misaka et al. [@CR113]).

In contrast to VPAC1, VPAC2 expression is induced following activation of the TCR and is associated with enhanced IgE antibody responses and heightened cutaneous reactions (Yadav et al. [@CR200]). Through VPAC2, VIP augments co-stimulation via B7, inhibits apoptosis of activated T~H~2 cells, and inhibits IL-12 production, which has the effect of skewing the T~H~1/T~H~2 balance towards T~H~2 immunity (Voice et al. [@CR178]). The net effect of VPAC2 activation is augmentation of T~H~2 effector and memory functions in peripheral tissues exposed to allergen.

There is also some evidence that tachykinins modulate inflammatory processes. Alveolar macrophages express NK1 receptors, and exposure to substance P increases metalloproteinase, TNF-α, and IL-1β secretion (Delgado and Ganea [@CR40]; Delgado et al. [@CR41]; Goetzl et al. [@CR52]). Knockout of preprotachykinin A gene attenuates LPS-induced airway hyperreactivity and airway inflammation (Xu et al. [@CR198], [@CR199]; Xu and Xu [@CR197]). As of 2010, clinical trials with NK receptor antagonists had not validated a role of tachykinins in asthma (Helyes et al. [@CR70]). Expression of NK1 receptors is upregulated by cigarette smoke, which may account for increased susceptibility of smokers to infection, fibrosis, cancer, and emphysema (Ramalho et al. [@CR142]).

Counter Regulation {#Sec17}
------------------

Numerous negative feedback pathways limit the duration and magnitude of inflammatory responses (Xu et al. [@CR199]; Xu and Xu [@CR197]). Detailed discussion of these mechanisms is beyond the scope of this chapter, but a few examples are noteworthy because they portray a general paradigm. Similar to traditional negative feedback loops in the endocrine system, some mediators released during immune activation act on inhibitory receptors to restrict further cellular activation. Notable examples are nitric oxide, prostaglandins, and catabolites of tryptophan. Prostaglandins produced by the cyclooxygenase pathway interact with heterotrimeric G protein-coupled receptors to stimulate adenylate cyclase formation of cAMP. Nitric oxide produced by nitric oxide synthetase acts through guanylate cyclase to increase cGMP, which in certain cases inhibits immune and inflammatory processes (Bosnjak et al. [@CR18]; Saxon et al. [@CR152]; Cook and Bochner [@CR35]; Bjorgo et al. [@CR15]; Bopp et al. [@CR17]; Baumer et al. [@CR12]; Heijink and Van Oosterhout [@CR69]; Mitkiewicz et al. [@CR115]). Similarly, activation of indoleamine 2,3-dioxygenase and subsequent release of tryptophan metabolites can stimulate aryl hydrocarbon receptors that promote tolerance to aeroallergens (Taher et al. [@CR167]). Inhibitory Fc receptors that bind the Fc domain of IgG, such as FcγRIIB, are expressed on B cells and mast cells, and when activated reduce cellular activation and cytokine production (Taher et al. [@CR167]). Upregulation and activation of decoy cytokine receptors, such as IL-13R α2, can have potent inhibitory and negative feedback consequences, thereby opposing the inflammatory activity of cytokines (Saxon et al. [@CR152]; Karra and Levi-Schaffer [@CR83]; Smith and Clatworthy [@CR159]; Zhu et al. [@CR204]).

In addition to receptors that respond to soluble mediators, there is a plethora of inhibitory receptors that respond to ligands expressed on the surface of activated immune cells. CTLA-4 is expressed on the surface of activated T cells and inhibits CD28 binding to B7 on antigen presenting cells. Expression of CTLA4 limits co-stimulation required for T-cell activation (Mentink-Kane and Wynn [@CR108]). PD-1 acts in a similar fashion. PD-1 is expressed on activated T and B cells, and one of its ligands, PDL-2 is expressed on myeloid dendritic cells and macrophages. Expression of PD-1 provides negative feedback to further activation of T and B cells (Chen and Shi [@CR28]; Bour-Jordan et al. [@CR19]). CD22 and CD72 are co-inhibitory receptors on B cells. Their ligands are expressed on diverse cell types, but when activated simultaneously the B cell is inhibited. Similarly, CD200R is expressed on dendritic cells and macrophages, and CD200 is more widely expressed on epithelium, T cells, and B cells (Chen and Shi [@CR28]; Singh et al. [@CR157]; Okazaki and Honjo [@CR128]). CD200 interaction with CD200R is thought to maintain balance in the lungs between protection and immunopathology (Minas and Liversidge [@CR111]; Gorczynski [@CR53]; Barclay et al. [@CR7]).

TGF-β is a pro-fibrotic growth factor produced by activated monocytes, pulmonary macrophages, eosinophils, neutrophils, airway epithelial cells, smooth muscle cells, mast cells, lung fibroblasts, and T T~reg~ cells (Holt and Strickland [@CR73]). TGF-β is a strong stimulating factor for epithelial cell differentiation and fibroblast secretion of extracellular matrix proteins, contributing to the airway remodeling observed in chronic pulmonary allergic disease pathology. TGF-β can be pro-inflammatory when acting in concert with cytokines such as IL-1, IL-6, IL-23, or IL-4 by augmenting differentiation of T~H~17 and T~H~2 cells. TGF-β has pronounced anti-inflammatory activity by inhibiting IgE production, mast cell proliferation, T cell, B cell, NK cell, and cytotoxic lymphocyte function (Commins et al. [@CR34]; Chung and Barnes [@CR30]) or anti-inflammatory role by inhibiting IgE production, mast cell proliferation, T cell, B cell, NK cell, and cytotoxic lymphocyte functions (Chung and Barnes [@CR30]). TGF-β is a primary cytokine responsible for the differentiation of CD4+ CD25+ T regulatory lymphocytes (T~reg~ cells) that release the anti-inflammatory cytokine IL-10. Reduction in the numbers of T~reg~ cells in hypersensitivity disorders may allow activation of APC and effector cells to promote inflammation. However, the role of T~reg~ cells in pulmonary inflammation may be more complicated because some subsets of T~reg~ cells, particularly the inducible iT~reg~ subset exhibits a high level of plasticity, and can transform into IL-17 and IFN-γ producing effector cells to drive inflammation (Akdis and Akdis [@CR3]). Thus, whether T~reg~ cells act to promote or attenuate inflammation could depend on the local environment.

IL-10, originally named "cytokine synthesis inhibitor factor", is produced by T~H~0, T~H~1, T~H~2, T~Reg~, T~C~ cells, mast cells, and activated monocytes, macrophages, and dendritic cells. IL-10 decreases T~H~1 and T~H~2 cytokine production, suppresses monocyte and macrophage activity, inhibits production of ROI and RNI, and down-regulates secretion of pro-inflammatory cytokines. However, IL-10 is pleiotropic, and while its dominant effect is suppression of adaptive immune responses, it also promotes growth of mast cells, T cells, and induces T cell growth in certain circumstances by induction of the IL-2 receptors (Vock et al. [@CR177]).

Osteopontin (OPN) is a T~H~1 cytokine with emerging potential for affecting allergic responses. OPN appears to augment primary sensitization, but inhibits responses to secondary antigen exposure (Chung and Barnes [@CR30]; Vock et al. [@CR177]). The complex responses to OPN may be due to different domains on the protein, as ligation of different epitopes with antibodies leads to different effects (Xanthou et al. [@CR193]).

Remodeling {#Sec18}
==========

Repeated exposure of the lungs to irritants and pathogens leads to a constellation of morphological and physiological changes manifested throughout the respiratory tract. The changes manifested in an individual may vary depending on the stimulus, exposure history, genetic and epigenetic background of the individual, and coincident pathogenic conditions or comorbidities.

Irritants and allergens often induce remodeling of the airway wall typically associated with asthma. Smooth muscle hypertrophy, subepithelial collagen deposition, and edema are observed throughout the airways. IL-4, -9, -13, -17, -23, and -25 induce growth of mucin secreting cells in the surface epithelium and submucosal glands (Konno et al. [@CR88]). In mild asthma, the surface epithelium is mainly affected (Turner and Jones [@CR174]; Zuhdi Alimam et al. [@CR205]; Dabbagh et al. [@CR38]), but with increased severity of the disease, submucosal glands enlarge (Ordonez et al. [@CR132]). Small airways that are normally devoid of goblet cells are characterized by Clara cells that differentiate into a mucin-secreting cell phenotype (Dunnill et al. [@CR45]). Corticosteroids are effective in inhibiting mucus hypersecretion in asthma, thereby revealing a major role of inflammatory mediators in mucus hypersecretion (Davis and Dickey [@CR39]).

Deposition of collagens I, III, and V, fibronectin, tenascin, lumican, and biglycan are increased in asthma (Barnes [@CR9]). Increased synthesis is paralleled by an altered balance in metalloproteinase (MMP)-9 and tissue inhibitor of metalloproteinase (TIMP) (Bergeron et al. [@CR13]) resulting in altered ECM turnover and thickening of the lamina reticularis (Suzuki et al. [@CR164]). Degradation of cartilage in the airway wall can also be observed in asthma (Al-Muhsen et al. [@CR5]).

The number and diameter of blood vessels in the airway wall are increased in asthma (Haraguchi et al. [@CR65]; Noble et al. [@CR126]). Epithelial cells, eosinophils, lymphocytes, mast cells, basophils, macrophages, endothelial cells, and smooth muscle cells secrete and angiogenic factors that can drive increase in vascularity, including vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), tryptase, chymase, IL-8, TGF-β, TNF-α, NGF, and angiogenin.

Although not well documented in humans, neural remodeling is likely to occur in asthma. In rhesus macaques, postnatal exposure to house dust mite and ozone reduced neural projections to the epithelium and increased lateral projections to the basal lamina (Dunnill et al. [@CR45]). One year after exposure, nerve density in the airway wall was increased, and projections to the epithelium were abnormal (Larsen et al. [@CR95]; Larson et al. [@CR96]). In rodents, allergic aeroallergens and irritants such as ozone stimulate release of neurotrophins, such as NGF, that promote neural growth within the airway mucosa (Kajekar et al. [@CR82]). Ovalbumin sensitization induces TRPV1 expression in airway Aδ afferent fibers in guinea pigs, which could increase the diversity of stimuli that activate these fibers and lead to cough in allergic asthma (Joos et al. [@CR81]; Ito et al. [@CR78]; Hunter et al. [@CR75]). Another indication of altered neural activity in allergic asthma is that inhibition of TRPA1 inhibits ovalbumin-induced hyperresponsiveness in rats (Lieu et al. [@CR102]).

Summary {#Sec19}
=======

The function of the respiratory system is based on bulk flow of air in response to small pressure gradients developed by respiratory muscle contraction coupled with passive diffusion of gases between inspired air and circulating blood of the alveolar capillaries in response to differential gas pressures. Extensive mechanisms exist to protect the lungs against environmental insults, and many of these processes are adaptive in nature, resulting in memory that increases sensitivity and responsiveness to antigenic stimuli. Adaptations are observed locally and systemically and involve responses by epithelial, nerve, muscle, and immune cells. In over 10 % of the population, the responses to environmental stimuli become pathological and result in excessive sensitivity and aberrant responses to both specific and nonspecific stimuli, and culminate in a progressive and deleterious remodeling of the airways and lungs. Environmental diseases, such as extrinsic asthma, rhinitis, and allergy are increasing and represent major health issues around the world. A better understanding of the mechanisms underlying responses to environmental factors is required for more effective prevention and treatment of these disorders.
